Directed evolution is an effective strategy to engineer and optimize protein properties, and microbial cell-surface display is a successful method to screen protein libraries. Protein surface display on Bacillus subtilis spores is demonstrated as a tool for screening protein libraries for the first time. Spore display offers advantages over more commonly utilized microbe cell-surface display systems, which include gram-negative bacteria, phage and yeast. For instance, protein-folding problems associated with the expressed recombinant polypeptide crossing membranes are avoided. Hence, a different region of protein space can be explored that previously was not accessible. In addition, spores tolerate many physical/chemical extremes; hence, the displayed proteins are "preimmobilized" on the inherently inert spore surface. Immobilized proteins have several advantages when used in industrial processes. The protein stability is increased and separations are simplified. Finally, immobilized proteins can be used in a wide array of simple device applications and configurations. The substrate specificity of the enzyme CotA is narrowed. CotA is a laccase and it occurs naturally on the outer coat of B. subtilis spores. A library of CotA genes were expressed in the spore coat, and it was screened for activity toward ABTS [diammonium 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulfonate)] over SGZ (4-hydroxy-3,5-dimethoxy-benzaldehyde azine). A mutant CotA was found to be 120-fold more specific for ABTS. This research demonstrates that B. subtilis spores can be a useful platform for screen protein libraries.
Introduction
Directed evolution is an effective strategy to engineer and optimize protein properties (Arnold, 2001) , and microbial cell-surface display is a successful method to screen protein libraries (Forrer et al., 1999; Amstutz et al., 2001; Georgiou, 2001) . To date, spores have not been demonstrated as a vehicle to screen for improved protein properties, but they have been used in several biotechnological applications (Kim and Schumann, 2009 ). For example, heterologous proteins (Kim et al., 2005) , enzymes (Seok et al., 2007) and antigens (Mauriello et al., 2004) have been expressed on the surface of Bacillus subtilis spores by anchoring them to spore coat proteins. Protein surface display on spores offers several advantages compared with other display systems such as phage, gram-negative bacteria and yeast. By virtue of the natural sporulation process, protein-folding issues are avoided that are associated with the polypeptide chain passing through membranes (Driks, 1999) . In addition, ATP-dependent chaperone proteins are present during sporulation to assist in protein folding (Kim and Schumann, 2009) . Therefore, spore display may provide an opportunity to search a region of protein space that is currently inaccessible with other display systems. Furthermore, spores are also able to withstand many physical and chemical extremes. Hence, surface-displayed proteins are 'preimmobilized' in the inherently inert outer spore coat. In general, immobilized proteins have economic and technological advantages in industrial processes (Fessner, 2000) . For example, they are used as whole-cell biocatalysts and easily separated from the reaction mixture.
We illustrate that spores are a useful tool for directed evolution. This is shown by tapering the substrate specificity of B. subtilis spores by evolving the naturally present outer spore coat enzyme CotA (Martins et al., 2002) , which is a laccase. Laccases are members of the multicopper oxidase family of enzymes. They catalyze the oxidation for a broad range of substrates, which include organic and inorganic compounds (Boa et al., 1993; Rochefort et al., 2002) . The substrate is oxidized at the type-1 (T1) copper center. Oxidation is coupled to a fourelectron reduction of dioxygen to water at a trinuclear copper cluster that contains a T2 and T3 center.
Laccases have various physiological roles, which include lignin synthesis and degradation (Rochefort et al., 2004) , pathogenesis (Mayer et al., 2001 ) and morphogenesis (Claus, 2004) . Laccases are also attractive for several applications (Mayer and Staples, 2002) such as pulp bleaching, biosensors, degradation of polycyclic aromatic hydrocarbon and biofuel cells. In addition, catalysis takes place with only substrate and dioxygen; therefore, electron transfer proteins or expensive cofactors are not needed.
The function of CotA in B. subtilis is not known, but it is essential for biosynthesis of the characteristic brown pigment of the spores (Hullo et al., 2001) . It should be noted that the deletion of CotA from the genome does not interfere with sporulation or germination. The substrate-free and ABTS-bound (ABTS ¼ diammonium 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulfonate)] crystal structures are available, and the ABTS-bound structure is nearly identical to the native enzyme (Enguita et al., 2003; Enguita et al., 2004) . Alignment of the CotA primary sequence with known structures of fungal laccases shows that the overall structures and copper-binding motifs are alike. CotA oxidizes a range of substrates, which include ATBS and SGZ (SGZ ¼ 4-hydroxy-3,5-dimethoxybenzaldehyde azine), and it is evolved to accept ABTS over SGZ. CotA saturation mutagenesis libraries are constructed, which are based on the ABTS-bound structure (Enguita et al., 2003; Enguita et al., 2004) . A CotA mutant was found to be 120-fold more specific for ABTS.
Materials and methods

Library creation
The cotA gene and its natural promoter was PCR amplified from chromosomal DNA using the primers BacsubF (5 0 -GCGCG CAAGCTTGTGTCCATGGCGTTTATTG-3 0 ) and BacsubR1 (5 0 -GCGCGGATCCTTATTTATGGGGATCAGTTAT-3 0 ), which incorporated a HindIII and BamHI sites, respectively. The PCR product was digested with the restriction enzymes HindIII and BamHI, and it was cloned between the same sites in the plasmid pDG1730 (Bacillus Genetic Stock Center, The Ohio State University, Columbus, OH, USA). The resulting plasmid was named pDG1730CotA. The saturation mutagenesis libraries were constructed by following published procedures (Stemmer et al., 1995; Gupta and Farinas, 2009 ). The gene libraries were digested with the restriction enzymes PfoI and BamHI, and they were cloned between the same sites in the plasmid pDG1730CotA. The plasmid was linearized with XhoI and transformed into the CotA knockout B. subtilis strain1S101 (Bacillus Genetic Stock Center, The Ohio State University, Columbus, OH, USA). The libraries or wild-type CotA were integrated into the non-essential amyE gene by double cross-over recombination, which resulted in spectinomycin resistance. In addition, integration was also verified by sequencing genomic DNA (ABI 3130xl Genetic Analyzer at the Molecular Resource Facility, University of Medicine and Dentistry of New Jersey, Newark, NJ, USA). The library and wild-type CotA were under control of the natural CotA promoter.
Spore screening
The cells were plated on Luria-Bertani (LB) agar plates containing spectinomycin (100 mg/ml) and chloramphenicol (5 mg/ml). The transformants were replicated to a Schaffer's plate containing spectinomycin (100 mg/ml) and chloramphenicol (5 mg/ml). Single colonies were picked into 96-deep-well plates containing 2SG media (1.0 ml), spectinomycin (100 mg/ml) and chloramphenicol (5 mg/ml). One column (8 wells) was reserved for wild-type CotA integrated into amyE, which was used as control. The plates were incubated for 48 h at 378C with shaking, and sporulation was induced by media exhaustion (Nicholson and Setlow, 1990) . Next, the plates were centrifuged and the media was discarded. The resulting pellets were resuspended in Tris buffer (50 mM, pH 7.2) containing lysozyme (50 mg/ml) and incubated at 378C for 60 min. The plates were centrifuged and the supernatants were discarded. The spores were resuspended in sterile water containing CuCl 2 (0.25 mM) and incubated at room temperature for 30 min. Next, two assay plates were constructed that contained spores, citrate phosphate buffer (100 mM) and substrate. One plate contained ABTS (1.0 mM, pH 4) and the other had SGZ (0.1 mM, pH 6). It should be noted that the pH chosen for the assay is near the optimal enzyme activity for each respective substrate (Martins et al., 2002 ). Next, the ABTS:SGZ absorbance ratio was determined. Positive clones were selected that showed at least 1.5 the mean value of wild-type ratio of ABTS:SGZ. A rescreen was carried out to eliminate false positives. The assay was similar to the above, but multiple colonies from a single clone were picked into a column of a 96-deep-well plate. A wild-type control column was also included. Clones were selected that had high initial rates for ABTS and increased absorbance ratio of ABTS:SGZ.
Kinetic analysis
The kinetic parameters were determined from three separate sporulations, which were measured in duplicate. Sporulation was initiated by media exhaustion, and the spores were purified using published procedures (Nicholson and Setlow, 1990) . Next, the spores were resuspended in sterile water and incubated with 0.25 mM CuCl 2 for 30 min. The spores were added to citrate phosphate buffer (100 mM). The ABTS and SGZ assays were performed at pH 4 and 6, respectively. The concentration of spores was measured at 580 nm. The reactions were initiated by adding ABTS (1 -200 mM) in citrate phosphate buffer (100 mM, pH 4) or SGZ (1 -150 mM) in ethanol (5%) to the spore suspension (0.15 -2.0 A 580 nm ) in buffer. The initial rates were acquired from the linear portion of the reaction curve, and the kinetic parameters were obtained by curve fitting using SigmaPlot 10.0 (Systat Software Inc., San Jose, CA, USA).
Results and discussion
Saturation mutagenesis libraries are constructed based on the ABTS-bound structure (Enguita et al., 2003 (Enguita et al., , 2004 . It shows that the substrate is surrounded by 23 amino acids (Fig. 1) . The T1 center is coordinated to His419, His497 and Cys492, and a disulfide bond is formed between Cys229 and Cys322. Hence, these residues are not altered. A total of 19 amino acids are randomized, and the error rate is adjusted to be 1-2 amino acid substitutions (Stemmer et al., 1995; Gupta and Farinas, 2009 ). The CotA libraries, which are under control of the natural CotA promoter, are transformed into a B. subtilis strain with the endogenous cotA gene knocked out. The library is integrated into the non-essential amyE gene in the genome through double cross-over recombination. As a control, wild-type CotA and its natural promoter (wt-CotA) are also integrated into the amyE gene.
The substrate specificity screen is validated by assaying the wild-type CotA activity. First, B. subtilis cells are sporulated (Nicholson and Setlow, 1990 ) in 96-deep-well plates, and two replicate plates are prepared. Next, the wild-type CotA activity in B subtilis spores is measured for ABTS and SGZ in separate plates. The endpoint absorbance of ABTS and SGZ is recorded, and the ABTS:SGZ ratio is calculated for each corresponding well. Positive variants are selected that show at least 1.5 times the mean value of the wild-type ABTS:SGZ ratio (Salazar and Sun, 2003; Gupta and Farinas, 2009 ). For example, spores that are specific for ABTS would have a higher ABTS:SGZ ratio compared with wt-CotA. The average coefficient of variance is 19% for the assay (Fig. 2) .
The saturation mutagenesis libraries of CotA are displayed, and 3000 clones are screened for ABTS specificity over SGZ. A mutant strain, CotA-ABTS-SD1, is identified to be 120-fold more specific,
The V max values for ABTS are 22.8 + 1.0 and 26.7 + 1.3 mM/min/OD 580 nm of spores, and the K M values are 26.1 + 3.0 and 57.8 + 4.1 mM for CotA-ABTS-SD1 and wt-CotA, respectively (Fig. 3A) . Hence, the overall reaction efficiencies, V max /K M , are 0.87 and 0.46 min 21 OD 580 nm of spores 21 for CotA-ABTS-SD1 and wt-CotA, respectively. For SGZ, the V max values are 0.25 + 0.013 and 10.0 + 1.4 mM/min/OD 580 nm of spores, and the K M values are 24.6 + 4.0 and 15.4 + 2.1 mM for CotA-ABTS-SD1 and wt-CotA, respectively (Fig. 3B) . Hence, the overall reaction efficiencies are 0.010 and 0.65 min 21 OD 580 nm of spores
21
for CotA-ABTS-SD1 and wt-CotA, respectively. Finally, the spore coat proteins were extracted (Martins et al., 2002) , and the amounts of wild-type CotA and the mutant were comparable as judged by SDS-PAGE gels (S1, available as Supplementary data at PEDS online). Pro226, Ala227, Phe228, Cys229, Thr260, Arg261, Thr262, Gly321, Cys322, Gly323, Gly324, Gln378, Gly382, Pro384, Leu386, Thr415, Arg416, Gly417, Thr418, His419, Ile494, His497 and Met502) . Engineering Bacillus subtilis spores for increased substrate specificity
The sequence of the mutant CotA in CotA-ABTS-SD1 is determined from isolated genomic DNA, and it contains four nucleotide substitutions. Threonine 260 is substituted with leucine, and the codon is changed from ACA to CTG. The threonine to leucine amino acid change cannot be accessed through a single base mutation. Hence, error-prone PCR cannot give rise to this mutation. The other nucleotide substitution results in a synonymous mutation at histidine 422, and the codon is changed from CAC to CAT. This mutation is not included in the saturation mutagenesis library. The mutation may be due to impurities in the synthesized oligos or nucleotide misincorporation by the polymerase.
The K M of CotA-ABTS-SD1 for ABTS is decreased 2.2-fold, and the K M for SGZ is increased by 1.7-fold. In addition, the V max for the mutant and wild-type are similar for ABTS. However, the major factor for the narrowed substrate specificity is due to the lowering of V max of CotA-ABTS-SD1 for SGZ. The rate-limiting step is believed to be substrate oxidation via an outer sphere mechanism (Xu, 1996; Xu et al., 1996) . Hence, the orientation of SGZ in the active site may have been altered, which inhibits efficient electron transfer to the T1 site. The structure of the mutant may provide information for substrate binding. However, the CotA and CotA-ABTS structures have been solved for the soluble enzyme (Enguita et al., 2003 (Enguita et al., , 2004 . On the other hand, CotA variants in the libraries, which are used in the screen, are imbedded in the spore coat. Hence, the imbedded enzymes may exhibit structural variation or constraints because of protein -protein interactions with other spore coat proteins. As a result, the structural information of the soluble enzyme may not transfer to the imbedded protein.
Control experiments demonstrate that the activity is due to the enzyme displayed on the spore surface. First, spore suspensions are stirred overnight in buffer. Next, the suspensions are centrifuged, and the supernatants do not show any activity. In addition, the spore pellets are resuspended in buffer and they display 100% activity. Hence, the laccase activity is due to CotA present in the spore and not enzyme free in solution. Second, the enzyme activity is directly proportional to spore concentration (Fig. 4) . Lastly, B. subtilis spores with CotA knocked out do not show any laccase activity. It should be noted that wt-CotA and CotA-ABTS-SD1 display the characteristic brown pigment, but CotA knockout spores are colorless (S2, available as Supplementary data at PEDS online). In addition, the cell viabilities of wt-CotA and CotA-ABTS-SD1 are comparable (S3, available as Supplementary data at PEDS online) (Nicholson and Setlow, 1990) .
In conclusion, a library of CotA genes were expressed on the surface B. subtilis spores and a mutant CotA was identified to be more specific for ABTS.
Supplementary data
Supplementary data are available at PEDS online.
